It is urgent to develop highly efficient and eco-friendly antimicrobial agents for integrated control of phytopathogens. Silver nanoparticles (AgNPs) were synthesized by Ligustrum lucidum leaf extract. UV-vis spectrum showed that there was a strong absorbance at 438 nm. Transmission electron microscopy (TEM) images displayed that synthesized nanoparticles were near spherical with an average size of 13 nm. The antimicrobial effect of AgNPs was evaluated through methods of paper disk diffusion, colony growth, conidia germination, and in vitro inoculation. The 50% inhibition concentration (IC 50 ) of AgNPs against Setosphaeria turcica was 170.20 μg/mL calculated by SPSS 13.0. In addition, it displayed a significant synergistic antifungal effect when AgNPs were combined with epoxiconazole at the ratios of 8 : 2 and 9 : 1. The results of this study provide a novel fungistat not only for comprehensive control of plant fungi but also for reducing chemical pesticides use and avoiding drug-resistant phytopathogen generation.
Introduction
Silver was known as one kind of efficient disinfectors in the early 19th century. From then on, it was widely applied in the fields of bacteria inhibition, wound dressing, mildew preservation, etc. [1, 2] . However, the disadvantage of silver-like inactivation caused by complexation or precipitation limited its application to some extent [3] . Nanomaterials that are defined in the range of 1-100 nm have been proved to resolve such problem. At nanoscale, particles exhibited unique physical, optical, chemical, and other properties that differ from their bulk counterparts [4, 5] .
In the past few years, silver nanoparticles (AgNPs) were verified to inhibit hundreds of pathogens including bacteria, fungi, and virus [6, 7] . In view of the prominent antimicrobial effect, more and more researchers turned their eyes to the synthesis and application of AgNPs. On the whole, physical, chemical, and biological methods could be used to synthesize AgNPs; among these ones, biological approach based on living organisms are proved to be the most popular. It is reported that lots of microorganisms and plant tissues were used to biosynthesize AgNPs [8] [9] [10] [11] [12] [13] .
Pathogen management is never ceased no matter what occurred in agriculture or medicine, and chemical drugs are always the first choice. However, environmental pollution, drug residue, and drug resistance become more and more prevalent due to long-term, plentiful, and unreasonable use of chemical reagents. Nowadays, it is a great challenge and people are devoting themselves to explore novel approaches to control these diseases in a more scientific way. It seems to provide the possibility to relieve such questions with the development of nanotechnology [14, 15] . It is reported that AgNPs exhibited prominent antimicrobial activity against drug-resistant pathogens [16, 17] . There are two main strategies to limit the use of chemicals: one is using a certain concentration of AgNPs alone to replace chemical use, with lots of articles reported their significant antimicrobial effect against various pathogens [18] [19] [20] [21] , and the other is conjugating AgNPs and chemicals to assist antibiotics like amoxicillin [22] , kanamycin [23] , ampicillin [24] , and amphotericin [25] . In spite of the significant antimicrobial effect of AgNPs proved by lots of researchers, the mechanism of the toxicity for AgNPs has not been settled until now. Previous reports related to it include membrane damage [26, 27] , generation of reactive oxygen species (ROS) [28, 29] , and dissolution of Ag ions (Ag + ) [30, 31] . In recent years, there is a tendency to accept the viewpoint that degree of dissolution and delivery of Ag + made a great contribution to the antimicrobial activity of AgNPs [32] .
Although there were lots of articles about the combination of AgNPs and chemicals, focusing on bacteriostatic agents, fungistats were rarely reported [33, 34] . In this study, the antifungal activity of AgNPs biosynthesized by Ligustrum lucidum leaf extract against Setosphaeria turcica (S. turcica) was evaluated alone, and the synergistic inhibition effect was also measured at various conjugation ratios of AgNPs and epoxiconazole. These results would provide a reference for the integrative control of phytopathogens, and it also paves the way to explore nanopesticides to assist or replace chemical pesticides. 2.2. Biosynthesis and Characterization of AgNPs. 10 g of thoroughly washed dry Ligustrum lucidum leaves was taken into 100 mL deionized water, followed by heating at 95°C for 30 min. Then the solution was filtrated by a Whatman No. 1 paper and a Millipore filter (φ = 0:22 μm). AgNPs were biosynthesized by mixing 20 mL filtrate and 1 mM AgNO 3 , and the total volume was 100 mL. It was heated at 80°C until the solution colour changed. UV-vis spectroscopy (TU-1950, PERSEE, China) and transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) were applied to characterize synthesized nanoparticles.
Materials and Methods

Antifungal Activity of AgNPs. Antifungal activity of
AgNPs against S. turcica was conducted through paper disk diffusion, colony growth, conidia germination, and in vitro inoculation.
Paper Disk Diffusion
Assay. The diameter of the inhibition zone created on an agar plate reflected the antimicrobial effect of AgNPs. About 100 μL conidial suspension (10 6 /mL) was uniformly spread on potato dextrose agar (PDA) plates. Then, 10 μL of varied concentrations (12.5, 25, 50, 100, and 
Synergistic Inhibition Effect of AgNPs and Epoxiconazole.
The 50% inhibition concentration (IC 50 ) of AgNPs and epoxiconazole was measured through a mycelium growth rate method, respectively. On account of that, a different mixed proportion was set as 0 : 10, 1 : 9, 2 : 8, 3 : 7, 4 : 6, 5 : 5, 6 : 4, 7 : 3, 8 : 2, 9 : 1, and 10 : 0. All mixtures were prepared fresh and blended thoroughly for 5 min. The synergistic activity assessment (toxicity ratio) of AgNPs and epoxiconazole was determined by the following equations [34] :
(1) Actual inhibition rate = ½ðdiameter of control colony − diameter of treatment colonyÞ/ðdiameter of control colony − diameter of fungus blockÞ * 100%
(2) Theoretical inhibition rate = ðactual inhibition rate of A at medium concentration * percentage of A + actual inhibition rate of B at medium concentration * percentage of BÞ * 100%
(3) Toxicity ratio = actual inhibition rate/theoretical inhibition rate
The combination activity shows synergistic when the tox-icity0020ratio was greater than 1; it shows antagonistic when 3 Journal of Nanomaterials the toxicity ratio was less than 1; it shows additive when the toxicity ratio was almost equal to 1. (Figure 1(c) ); the obvious colour change indicated the formation of AgNPs [35] , while the solution of AgNO 3 (Figure 1(a) ) or Ligustrum lucidum leaf filtrate (Figure 1(b) ) alone maintained their primary colour. The UV-vis spectrum showed a strong absorption peak at 438 nm, corresponding to the surface plasmon resonance of AgNPs [36] . However, there was no obvious characteristic absorbance peak of AgNPs for AgNO 3 (green line) or leaf filtrate (red line) alone. It is proved that the two portions were both needed for the biosynthesis of AgNPs, and the biological method also avoided the disadvantages of chemical and physical approaches such as the usage of additional chemical reagents, high energy consumption, and high cost [37] . Figure 2 shows the morphology, dispersity, and size distribution of synthesized AgNPs. Most of the nanoparticles were spherical or near spherical, and several ones were triangular, polygonal, or irregular shaped; the particles dispersed well on the substrate (Figure 2(a) ). The size of AgNPs measured by ImageJ was in the range of 4-42 nm, and the average size was about 13 nm (Figure 2(b) ). It is reported that there were several parameters that affected the shape, dispersity, and size of nanoparticles such as biological species, materials proportion, solution pH, reaction time, and so on [38, 39] .
Results and Discussion
TEM Analysis.
Paper Disk Diffusion.
There exhibited positive correlation between the diameter of inhibition zone and antimicrobial activity. Figure 3 shows that the obvious inhibition zone appeared in the presence of AgNPs and it enlarged along with increasing concentration of AgNPs. The diameter was 7, 9, 12, 14, and 17 mm when the concentration of AgNPs was 12.5, 25, 50, 100, and 200 μg/mL, respectively. However, there was no inhibition zone created for sterile water. It is reported that the agar well diffusion method was also used to measure the diameter of inhibition zone besides paper disk diffusion approach and the diameter tended to be larger compared with this method owing to more volume capacity [40] . Figure 4 , the colony of S. turcica was significantly inhibited by AgNPs. The diameter of control measured by the cross crossing method was 7.2 cm, and it gradually decreased along with increasing concentration of AgNPs. The diameter descended to its minimum value (3.7 cm) at 200 μg/mL. The IC 50 of AgNPs calculated by SPSS 13.0 was 170.2 μg/mL, and the 95% confidence interval was between 98.82 and 590.29 μg/mL. The inhibition rate caused by various AgNPs concentrations (12.5-200 μg/mL) of S. turcica was in the range of 2.31%-52.22%. The inhibition effect is never the same; it may be influenced by several parameters including AgNP species, AgNP shape, AgNP size, AgNP concentration, and pathogen species [19, 38] . 
Colony Growth Inhibition. As shown in
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Journal of Nanomaterials 3.5. Conidia Germination Inhibition. Quantities of germinated conidia are vital for fungi to infect plant tissue successfully, so it is the key to inhibit germination of conidia to alleviate or avoid appearance of plant diseases. Figure 5 shows that AgNPs could prominently inhibited germination of conidia of S. turcica. Under the proper temperature and humidity, the germination rate of conidia suspension without AgNPs was 91.17%, while it decreased sharply in the presence of varied concentrations of AgNPs, and the conidia were completely inhibited at 200 μg/mL.
3.6. In Vitro Inoculation Assay. In vitro inoculation was also conducted to evaluate the antifungal activity of AgNPs, and obvious lesion appeared for the maize leaf that inoculated with conidia suspension alone ( Figure 6(a) ). However, the leaf inoculated with the compound of conidia suspension and AgNPs (100 μg/mL) looked to be healthy as normal leaf (Figure 6(b) ). In addition, the corresponding microscopic images showed germinated conidia interweaved throughout the whole leaf tissues (Figure 6(c) ), while germination of the conidia treated with AgNPs was absolutely inhibited ( Figure 6(d) ). In view of the external observation and microexamination, conidia of S. turcica were limited to germinate and spread in maize leaf by AgNPs. The similar result was reported before that AgNPs limiting the conidia of Bipolaris sorokiniana germinate and infect wheat leaf [41] .
Synergistic Inhibition Effect Assay.
Recently, more and more researchers pay their attention to the compound of two or more different antimicrobial substances in consideration of environment pollution and drug resistance. Table 1 shows that biosynthesized AgNPs and epoxiconazole could be combined amicably, and there exhibited no obvious antagonistic effect among these mixed proportions. The prominent synergistic antifungal effect occurred at 8 : 2 and 9 : 1 for AgNPs and epoxiconazole, and the inhibition toxicity ratio reached 1.22 and 1.24, respectively. The antimicrobial activity showed general synergistic for conjugation of AgNPs and antibacterial agents reported previously [23, 24] . However, it diversified when AgNPs combined with fungistats, additive and antagonistic effects were also found when AgNPs were mixed with propineb and fludioxonil against Bipolaris maydis [34] .
Conclusions
S. turcica is an important phytopathogen that caused severe foliar disease on maize around the world. It is a great challenge to control that disease in an ecofriendly way. In this 5 Journal of Nanomaterials study, AgNPs biosynthesized by Ligustrum lucidum leaf extract exhibited prominent antifungal activity against S. turcica. In addition, the synergistic antifungal effect was also confirmed when AgNPs and epoxiconazole conjugated at proper proportions. These results not only provide a new approach for integrative control of plant pathogens but also reduce or avoid drug resistance to the utmost extent. The modification of AgNPs such as surface charge, acid-base property, and aggregation behavior would be carried out to evaluate their influence on the antimicrobial activity of AgNPs in the near future.
